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1.0 INTRODUCTICN

For many years the Army has encountered problems in hard stand test

firings of shoulder supported weapons. There are two basic causes for
these problems:

a. Test fixtures do not adequately represent actual firing
situations, which results in aan incongruity between data obtained in test
firings and actual field use firings.

b. Test fixtures are not universal, so that a particular weapon
might reveal one set of characteristics in one type of fixture and a
different set in a second type of fixture. For the above reasons many
weapon producers have, in the past, been forced to shut down production
because their weapons failed to pass acceptance tests., It is estimated
that over $100,000 could have been saved on the M16 rifle program if only
one of the many production shut downs due to weapon malfunctioning was
eliminated.

The objectives of this report are to determine the feasibility of
designing a small arms mount, that adequately simulates the mount reaction
force for an actual shoulder supported firing configuration, and to pro- -
pose a design concept of a mount fixture and arrive at the critical design
parameters for the fixture.

To show the feasibility of designing a mounting fixture, a prototype
mathematical model was developed that simulates the man and weapon as a

coupled dynamical system. The derivation of the model equations is

presented in Section 2.0.

Successfully modeling man as an integral part of a weapon system rests
upon two important facts. First, the dynamical motions that occur in a
typical shooting situation are characterized by small angle cvscilliatory
motions of the human operator about an initial aiming position. Second,
the appiied breech pressure force consists of a periodic sequence of
impulses. Man's neuro-muscular reaction time is slow compared with the
weapon firing rate and his ability to think and actively respond to these

force inputs does not influence the dynamics of the system until after a

significant amount of time has elapsed. An initial passive response phase
of motion is, therefore, a characteristic of the man-weapon interaction

probliem.
-1




Before listing the specific modeling assumptions, a discugsion of the
exact nature of human dynamical response is presented. The human body is
a nonhomogeneous composition of body segments with multiple degrees of
freedom. In addition to being nonhomogeneous, each body segment is deformable
because ~f blood flow and muscle action; furthermotre, the human neuro-
muscular system behaves as a servo control mechanism to force inputs.,
Some pecularities such as blood flow have little affect on the dynamical
behavior of the human body. The dynamical representations of the body
segments and the representation of the shooter's behavior as a servo control
mechanism is treated by making certain mechanical assumptions.,

Because of the overall complexity of the human body, mathematical
models of mechanical systems involving human body interactions must per-
tain to rather specific configuratious. Instead of modeling the man-
weapon interaction problem for all types of firing positions, a more suitable
analytical approach is to model one specific firing position. In this
way the kinematical constraints become easier to prescribe and the resulting
equations of motion become less complex., Usually two or three firing
positions are standard for small arm weapocns. The vertical standing position,
with the rifle held up against the right shoulder, was chosen for this
analysils primarily because the motions of the man and weapon in this position
can be adequately represented with only three independent degrees of free-
dom,

For convenience the time history of motion of the man-weapon syst=m
is separated into a set of distinct phases. In particular, the human
operator's neuromuscular response is separated into a passive phase followed
by an active phase. Ereech pressure forces for the M16 rifle consist of a
series of impulses of approximately one millisecond duration, which repeat
peviodically approximately every 80 milliseconds. Because the human body
is not capable of reacting actively to force inputs dvring the first
150-200 ms, this iniltial time interval is characterized ty a passive response
of the human operator, Afterwards, the neuromuscular system, which acts
somewhat as a servo control mechanism, can significantly influence the wea-
pon motion; however tine physical effects of the man's active neuromuscular
response generally are not noticeable until after 300 milliseconds have

elapsed.
1-2

P P I -

o ke citebovertl




ACIRLath o e - b

Much insight, in the problem of modeling man-weapon interactions,
was provided by observations of high speed photographic films that
were nbtained from tests conducted at the Harry Diamond Laboratory.
In “hese films, both the top view and the side view of a man firing the
M16Al rifle in automatic fire were recorded. A stationary grid was placed
behind the test subjects to provide an inertial reference system. The rifle
was held by the test subjects in each of three separate firing positions:
a. off the hip
b. on the right shoulder with the body in a vertical standing position
¢, on the right shoulder with the body in a slanted position
The vertical standing position was selected for the theoretical analysis.
Obgervations of the films helped to establish the predominant degrees
of freedom cf the system and the time history of motion in each coordinate.
Additional high speed photographic data were obtained by Mr. Thomas Hutchings
for the M79 and M203 grenade launchers. This data provided the time history
motions for the higher impulse weapons (the M79 and M203 grenade launchers
generate an impulse of about 2,5 lb-sec compared with 1.2 lb-sec for the
M16 rifle). Additional data was obtained for the M16 rifle at the Keith
L. Ware Simulation Laboratory, Rock Island Arsenal. A load cell device
was used to measure the transmitted shoulder mount force and two displacement
transducers were used to obtain the weapon rotation. These experiments
are discussed more fully in Section 3.0. The data from these experiments
provided considerable insight on how to construct the analytical model
and also provided a means for estimating some of the unknown system parameters.
Section 4.0 contains the results of a sensitivity analysis that was
performed with the man—-weapon interaction model. As a result of this
analysis, two prototype small arms mount designs are recommended. The

conclusions and recommendations of this study are presented in Section 5.0,

1-3 The following page is blank.
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2.0 DERIVATION OF THE BIOMECHANICAL EQUATIONS OF MOTION FOR SHOULDER
FIRED SMALL ARMS

2.1 Test Fixture Design Procedure

The design specifications for the universal small arms mount fixture
were obtained from analytical simulations of the biomechanical inter-
~action problem, That is, the design configuration and design parameters
of the mount are based on results of a dynamic analvsis of the man-weapon
interaction problem. The specific steps followed in this procedure are
listed below:

a,. Determine, through observations of high speed film data, the
minimum required number of independent degrees of freedom needed to
represent the bilomechanical interaction forces for shoulder supported
small arm weapons.

b. Develop a biodynamical model of the man-weapon system and
determine fhe sensitivities, of mount force and of the pitching motion of
the weapon, to variations in the various biomechanical system parameters.

Ce Obtaln a preliminary design for a universal small arms test
fixture based on the blomechanical analog and obtain bounds on the
critical design parameters from results of the sensitivity analysis.

2,2 High Speed Photographic Test Results

In order to determine the number of independent degrees of freedom
that are associated with the man-weapon interaction problem, several high
speed photographic film tests were performed for shoulder supported firings
of the M16Al rifle and the M79 and M203 grenade launchers. These tests
involved several shooters of various welghts and heights so that the effects
of variations in human mount characteristics would be observed. The data
extracted from these tests include the transmitted recoil force and motions
of the weapon and the shooter. The shoulder support firing configuration
was selected for the tests, because the weapon mount forces are easier to
measure and the biodynamical motions are less complex than for other standard

firing configurations, such as the off-hip configuration,

2-1
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Observations of the high speed photugraphic film data led t¢ the
development of a wan-weapon blodynamics model. The films recorded the
test subjects in both the top and side views. The top view was obtained
by a 45° inclined mirror located directly above the test subject. During
the tests, the shooters fired five rounds from the M16Al rifle in single
shot, semi-~automatic, and burst modes, and fired single shots from the
grenade launchers at various range settings. Observations of the film
sequences for these tests indicated which rotational and translational
motions of the weapon and shooter are predominant.

In addition to the translatory motion of the weapon toward the
shoulder, two predominant motions of the man-weapon system were observed.
These motions include:

&. A rotation in the vertical plane of the upper torso of the man,
who initially (for approximately 0.3 second duratiou) pivoted about his hips.
Afterwards the man appears to consclously react to the weapon recoil and
his motion becomes more complex.

b. A rotation in the vertical plane of the weapon and the shooter's
arms, pivoting about the shoulder. The top view revealed a negligible
amount of yawing of either the shooter or the weapon compared with the
vertical pitching rotations. Selected angles aud position coordinates
were measured for each filwm sequence using the Vanguard Motion Analyzer
at the University of Iowa Hospital Biomechanics Laboratory in Iowa City, Ilowa.

Results of the high speed photographic film tests reveal a period
of relative dnactivity din the pitching rotations for approximately the
first 20-50 milliseconds after the commencement of each shot. This delay
effect 1s probably caused by the compression of weapon padding and soft
body tissue as the weapon translates toward the shoulder. After the weapon
is fully compressed against the shoulder the remaining kinetic energy of
the weapon induces the rotational pitching motions of both the man and the
weapon. Yawing motion apparently was minimized by the stance of the man,
as the weapon is held almost parallel with the breadth of hisg chest during

firing. The net torque produced about the man's vertical yaw axis is
therefore small,

2~2
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2.3 Man-Weapon Model Assumptions

A mathematical model simulating the man~weapon biodynamical interactions
from weapon recoill was then developed based on information supplied by the
f1lm data and on biomechanical data supplied by varilous sources. Figure 1
contains a schematic representation of the model. The xl, Xz, x3
coordinate system is a fixed system with the origin at the man's hip.
Coordinate system Yl’ Y2, Y3 is attached to the right shoulder pivet and
rotates with the weapon. The Y2 axis is parallel to the gun barrel center-
line. Variable x locates the center of mass of the weapon combined with the
man's arms., Variable 0 measures the absolute pitch of the man in the Xz -
X3 plane and variable ¢ measures the pitch of the weapon relative to the
man's trunk, The total pitch of the weapon is therefore the sum of angles

0 and ¢o ‘3

Y
Y 2

X
1
Figure 1  Man-Weapon Interaction Model

2-3
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Because the development of the biodynamics mod~1l involves, in part, a
mechanical description of the human body, several simplifying assumptions
were required in order to arrive at a fairly simplified but realistic

representation of the system. There is no simple or easy approach to

modeling human body dynamics and very little useful data is available on

biomechanical properties of the human body. The feasibility of successfully
modeling man as an integral part of a weapon system rests upon several
important considerations, which are discussed below:

(1) The breech pressure force for small arm weapons - rifles and

grenade launchers - 1s impulsive. A typical breech pressure force curve
- for the M16Al rifle is illustrated in Figure 2. Normally the M16Al
4 generates approximately 1.2 lb-sec impulses of about one millisecond

k:i duration that repeat periodically every 80 milliseconds.

(2) During the initial portion of a burst, the shooter responds
passively to transmitted mount forces. Thus, even though he may anticipate
the impulsive recoil force and prepares his muscles accordingly, there is
an initial tiuwe interval during which the shooter 1s unable to respond
actively to the pulse,

The duration of this passive phase depends primarily on the shooter's
neuromuscular reaction characteriastics. Moreover, the actiye response

of the shooter intuitively should not have much influence on the time
history of the transmitted recoil force. One might expect, however,

that the active human control response, after approximately 0.3 seconds
or so, might have a significant effect on the angular positioning of both
I : the weapon and the man's upper torso.

' c. Observations of the high sp =d photographic filw data reveal

that, during the passive response phase, the shooter's hips remain

stationary; consequently only the upper torso and arm segments are
represented in the biodynamics model,
d, High speed photographic films reveal that the maximum angular
pitching motions of the man's upper torso and the weapon are generally less
than 10°. A small angle approximation is, therefore, applicable in the
formulation of the biodynamical equations of motion. Small angle approximations

are particularly useful for generating problem solutions on the analog

computer.

2-4




g P T TR ST B E0

B G it
AT TR o pta

BREECH FORCE (LB)

2400 + ‘
1200 1
l
- 1 M5 80 MS
TIME (MILLISECONDS)
Figure 2 M1l6 Breech Force vs Time
e. The human body can be represented dynamically as a syster »f linked

rigid bodies that are internally stable and homogeneous; furthermore, each

rigid body can be represented by simple geometric forms (i.e. elliptical

cylinder, frustrum of a cone, etc). These approximations of the human body

have been used in the works published by the investigators listed in
References 192,3, '

2.4 Historical Background on Human Biodynamical Research

The lumped mass approach to modeling the dynamics of the human body

requires the specification of segment magses, moments of inertia and centers

of mass. Active interest in determining the segment characteristics of the

MWidteett, G, "Souwe Dyniwic Response Chayactevistics of Welphtloss
Man," Mastor of Science Thwfs, Al Force Institute of Technology,
Welghts Pat Cevoon Aly Foree Fase, Ohio, AMPL- TR-G3-18, AD 412541, 1962

2McCrank, J.H, and Seper, D.h., "Torque I'rec Rotational Dynamies of

@ Vatlable Confimmatlon Lody (Application to Weightlens Han)," Haster
of Scicence Thesdn, AL Yoree Toeritute of Teclmolepy, Wright-Pattrerson
Adr Torce PRace, Ohlo, AD 0102239, 1964

3Mclienry, R.R. and Naab, K.N., "Computer Simulation of the Automobile
Crash Victim in a Frontal Collision-~A Valldation Study," Cornell Aeronauti-
cal labovatory, Inc., Buffalo, Hew York, CAL Report No. 41-2126-V-1R, 1966
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human hody has been undertaken by numerous investigators. Braune and Fisher
in 1889 performed experimental research on three cadavers and published

a comprehensive study of weights, volumes, and centers of mass of the body
and its segments. Later, in 1906, Fisher 5 experimentally determined the
moments of inertia of segments from a single cadaver. Since that time
interest in this subject diminished until rather recently. Dempster 6, in

1955, published a study on human biomechanics that contains experimental data

taken from eight cadavers.
The specific data presented in this study includes segment welghts,

moments of inertia, densities, center of mass locations and volumes. Using
data compiled by Dempster, Braune and Fisher, Barter’ in 1957 prepared a
series of regression equations for predicting body segment weights from total
body weight. These equations have been used extensively by biomechanical
engineers and designers. In 1963 Santschi® and his co-workers reported on
moments of inertila and centers of mass of sixty-six live test subjects.
Santschi attempted to answer the pertinent question of whether or not body
segment parameters can be predicted, to a reasonable degree of accuracy,
from anthropometric dimensions. He discovered a high correlation factor

of segument centers of mass and moments of inertla with an individual's
anthropometric dimensions.

2.5 System Kinetic Energy

The formulas that were used to predict the physical characteristics
of the man's upper torso and arm segments are listed in Appendix A. Since
the man-weapon interaction problem has been reduced to three independent
degrees of freedom, the segment masses corresponding to the man's upper

torso (i.e. the head and torso) are combined to form a single rigid body

YBraume, W. and Fischer, 0., "The Center of Gravity of the lluman Body
ag lelated to the German Infantryman,' Leipzip, ATT 138452, 1889
5F1ncher, 0., "Theoretleed Yundawentale for a Mechanles of Living Bodies
with Speelal Applications Lo Man os Hell as to Some Processes of Motion
of Machines," B.G. Tubuer, Lerlin, ATI 153668, 1906

6Demp(:t(er, W.T., "Space Requirements of the Seated Operator," Wright

Air Development Center, TR-55-15Y, Vvight~Patterson Alr Force Base,
Ohio, AD 87892, 195%

TBarter, J.T., "Estimztion of the Mase of Dody Seprents," Wright Adr
Development Center, Wright-Patterson Air Force Base, Olhio, TR~57-260,
AD 118222, 1957 °

Osantscht, W.K., buBois, J., and Omoto, C., "Moments of Inertia and
Centers of Cravity of the living Human Body, Aerospace Medical
Rosearch laboratories, Wright--satlerson Air Force Base, Ohio,
AMRL-TDR~63~6G, AD 410451, 1763
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and the segment masses corresponding to the'man's arm segments and hands
and the weapon are combined to form a second rigid body. The rigid body
comprising the trunk and the head is allowed to rotate in the vertical
plane about the man's hip, while the rigid body comprising the man's arms
and the weapon is allowed to translate in the direction of the recoil force
and rotate vertically about the shoulder hinge. Any bending of the man's
arms during a firing event is considered small and is neglected.

Referring <o Figure ], the kinetic energy of the system is given by

- l (Wi . ) -:- .:— 2 .‘_] p1
T 3 [Icm 0" + Ir 6+ 4) +12 L. rcm + m.or.r (2-1)
where
I = Moment of inertia about the center of mass of the head-trunk
cm
rigid body.
Ir = Moment of inertia about the center of mass of the arm-weapon
rigid body.
= Mass of the head-trunk rigid body.
r - Mass of the arm-weapon rigild body.

T = Time derivatiye of the center of mags location of the head-trunk
cm
rigid body, and,

= Time derivative of the center of mass location of the arm-weapon
rigid body.

In the Xl’ x2’ XS frame, the components of vectors - and r are

lall}

Tom = Top (sin 8 %, + cos 6 %3) (2-2)

r = [xcos (6 +¢)~L sin 0] X2
+ [x sin (8 + ¢) + L cos 0] X3 (2-3)

Taking the time derivatives of expressions (2-2) and (2-3) and substitut’ng
into equation (2-1) leads finally to result

, . l. ' 2 ‘2 c+0 2
T = {2 (1cm+m r2) 82+ 1. 6+ 9)

+ m, [(% - 1L 0 cos ¢)2 + (a @ + (x -+ L sin ¢) é)z i} (2-4)
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2.6 System Potential Energy, Dissipative Mechanismg, And Generalized Forcés

In order to obtain an expression for the system potential energy,
the passive responmse of the man's muscles must be taken into account.
Prior to firing, the shooter's muscles are in a state of preloading to

support the weapon and to balance the forces of gravity on both the man and
weapon. After the commencement of firing, the approximation is made that

passive restoring forces, produced by the various muscles in the upper torso
and arms, can be represented by a system of linear springs and dashpots.
This approximation is justified based on the small orders of magnitude of
the angular deformations resulting from weapon recoil torques. Torsional
springs and dashpots are, therefore, included in the model to resist motions
in each of the two rotational degrees of freedom. The rearward translatory
motion of the weapon inftially causes the fleshy padding on the shoulder to
compress. Any further rearward dilsplacement of the rifle results in the
stretching of the muscles and ligaments that attach to the bone structure

of the shoulder. Resistance offered by these muscles and ligaments is
modeled by a relatively strong spring and dashpot, while the initial soft
compression of the shoulder is modeled by a relatively weak spring. Illaving
represented the elastic and viscous damping characteristics of the model,

the system potential energy, V, then becomes

- X - 2 . 1 - 2
\Y 5 ke (6 Oe) t 5 k¢ (¢ ¢e)
l.k (x - x)° for x 2 x
72 X e - Xg
+ w
. 1
-% kx (x - xs)2 + kx (xs - xe) [x - -2—-(xs + xe)] for x < x4

s w
+ Mg L (cos 8 - cos 0p) + m. g [L{cos & - cos 8¢)
+ x sin (0 + ¢) = %o sin (89 + ¢g)] (2-5)
wherc
ke, k¢, kxw‘ kxs = gystem apring constants
00, ¢o’ X, = initial conditions for variables 6, ¢, and x respectively
Oe’ ¢e’ X, = static equilibruim spring positions

g = pgravity constant
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